Background: While significant progress has been made to determine the functional role of specific gray matter areas underlying verbal memory in Parkinson's disease (PD), very little is known about the relationship between these regions and their underlying white matter structures. Objective: The objectives of this study were (1) to investigate verbal memory, fractional anisotropy and brain activation differences between PD patients and healthy controls (HC), (2) to explore the neuroanatomical and neurofunctional correlates of verbal memory in PD, and (3) to investigate the relationship between these neuroanatomical and neurofunctional verbal memory correlates in PD. Methods: Functional magnetic resonance imaging (fMRI) while performing a verbal memory paradigm and diffusion tensor imaging data (DTI), were acquired in 37 PD patients and 15 age-, sex-, and education-matched HC. Results: PD patients showed verbal recognition memory impairment, lower fractional anisotropy in the anterior cingulate tract, and lower brain activation in the inferior orbitofrontal cortex compared to HC. Brain activation in the inferior orbitofrontal cortex correlated significantly with verbal recognition memory impairment in PD patients. In addition, a relationship between brain activation in the inferior orbitofrontal cortex and fractional anisotropy of the uncinate fasciculus was found in PD. Conclusions: These results reveal that deficits in verbal memory in PD are accompanied by functional brain activation changes, but also have specific structural correlates related to white matter microstructural integrity.
INTRODUCTION
Parkinson's disease (PD) is one of the most common neurodegenerative diseases worldwide. It is characterized by motor symptoms and is associated with brain atrophy [1] . Cognitive dysfunction is present in PD from the early stages of the disease and often ends in dementia [2, 3] . PD patients show several neurocognitive deficits, including deficits in executive functioning, visuo-spatial abilities, and memory [4] [5] [6] [7] [8] [9] .
Whereas executive dysfunction has been thought of as the hallmark cognitive deficit in PD [10] , memory impairment has recently been found as the most com-mon deficit [8] . Moreover, verbal memory impairment has the largest effect size in comparison with other cognitive domains [8, [11] [12] [13] [14] . Traditionally, it has been suggested that PD patients have impaired recall but recognition memory remains relatively intact [15] [16] [17] . However, some studies report that memory impairments in PD are not solely due to retrieval problems and show evidence of recognition memory deficit in PD patients [14, 15, 18, 19] . In addition, recognition memory deficits in PD may result partially from the impairment of learning or encoding process [14, [18] [19] [20] [21] related to frontal lobe dysfunction [22, 23] . It may also be caused by the presence of frontal [22] and medial temporal regions dysfunction [13, 24] . Recognition memory comprises two independent processes, recollective and familiarity detection, both processes involve medial temporal regions [25] [26] [27] [28] .
Structural connectivity can be investigated with diffusion tensor imaging (DTI). Fractional anisotropy (FA) is a DTI index that assesses the fiber integrity of a tract. DTI studies have revealed widespread white matter (WM) FA reduction in PD patients compared to healthy controls (HC) from the early stages of the disease [29, 30] through dementia [31, 32] . Although a number of DTI studies have been conducted to better understand PD pathology, only a few studies have focused on the relationship between DTI FA and cognitive deficits in PD [30, [33] [34] [35] . Global cognitive impairment has been associated with WM microstructural FA changes in PD [36, 37] , and specific cognitive impairments, such as executive functioning, attention and visuospatial ability, it also appears to be associated with WM microstructural FA changes in PD [30, 33, 34] . Nevertheless, little is known about the DTI FA correlates of verbal memory in PD.
Functional magnetic resonance imaging (fMRI) studies in early PD have investigated neural circuitry of motor symptoms of the disease [38, 39] . However, regarding cognitive performance, studies are scarce and have primarily focused on the assessment of brain activity related to impaired executive functions [40, 41] and on the dysfunction of the default mode network in PD [42, 43] . The few cognitive fMRI studies published using a memory task have revealed alterations in memory networks [12, 43] . In the study of Ibarretxe-Bilbao et al., [43] and in the longitudinal follow-up [12] , PD patients showed less task-related activation than HC in areas involved in the recognition memory network, including less activation in the orbitofrontal cortices, middle frontal gyri, frontal poles, anterior paracingulate cortex, superior parietal lobes, and left middle temporal gyrus.
Although significant progress has been made to determine the functional role of specific gray matter areas that underlie verbal memory in PD, little is known about the relationship between the brain activation of these regions and their connection through WM tracts. To date, no combined structural and functional MRI study has focused on the neural correlates of verbal memory in PD. Therefore, the first objective of this study was to investigate verbal memory, FA and brain activation differences between PD patients and HC. The secondary goal was to explore the neuroanatomical and neurofunctional underpinnings of verbal memory in PD. Finally, the third aim was to investigate the relationship between these neuroanatomical and neurofunctional verbal memory correlates in PD.
For the first objective, we hypothesized that PD patients would perform worse in the verbal memory fMRI paradigm, would have less WM FA, and lower functional brain activation during fMRI paradigm compared to HC. Verbal learning and recognition memory is related to the frontal and medial temporal regions [11, 43, 44] . Hence, for the second objective we hypothesized that the verbal memory fMRI paradigm would be related to functional brain activity in the frontal and temporal regions and to the FA in the WM tracts adjacent to those regions in PD. Finally, for the third goal, we hypothesized that there would be an association between the WM microstructure FA and functional brain activation in those frontal and temporal regions.
MATERIALS AND METHODS

Participants
The sample included 37 PD patients recruited from the Department of Neurology at the Galdakao Hospital (Galdakao, Spain) and from the PD Biscay Association (ASPARBI). The main purpose of the study was to analyze the neural bases of verbal memory deficit in PD; however, we also included 15 HC, recruited by acquaintances of the patients, matched with the patients by age, gender, and years of education, to assess differences between groups. A neurologist specialized in movement disorders made the diagnosis of PD based on the UK PD Society Brain Bank diagnostic criteria. Other inclusion criteria were (1) age 45 to 75 and (2) an evaluation conducted by a neurologist in accordance with the Hoehn & Yahr disease stages and Unified PD Rating Scale (UPDRS). Exclusion criteria were as follows: (1) (2) the presence of other neurological illness or injury (e.g., traumatic brain injury or multiple sclerosis); (3) stable psychiatric disorders (e.g., schizophrenia); (4) depression measured by Geriatric Depression Scale >5 and (5) visual hallucinations, as assessed by the Neuropsychiatric Inventory Questionnaire. One patient was taking no medication and 36 were on anti-Parkinsonian treatment as follows: Levodopa (L-dopa) monotherapy (n = 4), combination of L-dopa and dopamine agonist (n = 5), monoamine oxidase type B (MAO-B) inhibitors monotherapy (n = 1), combination of L-dopa and MAO-B (n = 5), combination of L-dopa, dopamine agonist and MAO-B (n = 9), combination of dopamine agonist and MAO-B (n = 4), combination of dopamine agonist and anticholinergics (n = 2), combination of glutamate agonists in combination with others (n = 4), and catechol-Omethyltransferase (COMT) inhibitors in combination with others (n = 2). Participants were symptomatically stable and tested while on their medication. Their L-dopa equivalent daily dose was registered [45] . 
Verbal memory fMRI paradigm
Verbal memory was assessed by an fMRI paradigm. The paradigm consisted of words presented inside a 3T magnet with Visual Digital MRI Compatible High Resolution Stereo 3D glasses and Presentation® version 10.1 (Neurobehavioral Systems), running on Windows XP. They were also given two controls (one in each hand) connected to a MR-compatible response box to record/register their responses. The entire experiment consisted of a 10-block paradigm (learning and recognition tasks) that alternated activation and control conditions (5 blocks each) and lasted a total of 280 s (28 s per block). In the learning memory fMRI task, participants viewed 30 words (with a duration of 2 s per word and inter-word intervals of 1 s) and were asked to press the right button (with their right hand) if they liked the word or the left button (with their left hand) if they did not like the word; this was done to make sure they were reading the words (activation condition). Moreover, six concatenations of letters were projected (simulating the length of a word) of which three were the letters "AAAAAA" and the other three were random letters (control condition). A review of 4 experiments confirms that this paradigm is effective as a control condition for posterior recognition [46] . After 20 minutes, in the activation condition of the recognition memory fMRI task, subjects were asked to recognize these 15 words during the fMRI scanning from a list of 30 words (15 previously presented words and 15 new words). They viewed six words in each block, of which three had been previously presented. They were tasked to press the button using their right hand to if they remembered having read the word in the list before scanning. However, if they thought that the word in the screen was new, they were asked to press the left button. They were encouraged to respond while the word was on the screen (2 s).
Responses given outside this interval were excluded from the analysis. In the control condition of the recognition memory fMRI task, participants were asked to press the right button on the response box to indicate that the item was "AAAAAA" and press the left button when other concatenations of letters appeared [43] . Responses given with two controls connected to the MR response box, during verbal memory fMRI paradigm, were coded as behavioral data. Hits were recorded when they answered yes when it was yes, correct rejections, when they answered no when it was not, false negatives, when they answered no when it was yes, and false positives, when they answered yes when it was not. For this research only responses during verbal recognition memory task were coded.
Neuroimaging acquisition and analysis
Diffusion tensor imaging DTI was obtained on a Phillips 3T Achieva TX, in an axial orientation in an anterior-posterior phase direction using a single-shot EPI sequence (TR = 7540 and TE = 76, flip angle = 90 • , FOV = 240 × 240 × 132, slice thickness = 2 mm, no gap, 66 slices, acquisition time = 9'31", voxel size = 1.67 × 1.67 × 2.0) with diffusion weighting in 32 uniformly distributed directions (b = 1,000 s/mm2) and 1 b = 0 s/mm2. Voxel-wise statistical analysis of the FA data was carried out using Tract-Based Spatial Statistics [47] part of FSL Software 4.0 [48] . First, each subject´images were concatenated, radiologically oriented, and corrected for eddy current. Then, brain-extraction BET was performed, and all FA images were created by fitting a tensor model to the raw diffusion data using FDT (DTIFIT). All subjects´FA data were then aligned into a common space using the nonlinear registration tool FNIRT. Specific WM tracts have been previously associated with learning and recognition [49] [50] [51] [52] [53] ; hence, the selected regions of interests (ROI) FA tracts based on JHU white-matter Tractography atlas (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases) [54] were: (1) uncinate fasciculus (UF), (2) posterior cingulate tract (PCT), and (3) anterior cingulate tract (ACT) (see Figure 1) . 
Functional MRI
The fMRI was acquired in the same session as the DTI, using multi-slice gradient echo EPI sequence (TR = 2000 and TE = 29, flip angle = 90 • , FOV = 240 × 240 × 136 slice thickness = 3 mm, 36 slices, acquisition time = 4'48"). A T1-weighted scan was also acquired (TR = 7.4 and TE = 3.4, flip angle = 9 • , FOV = 250 × 250 × 180, slice thickness = 1.1 mm, 300 slices, acquisition time = 4'55", voxel size = 0.98 × 0.98 × 0.6). The functional data of each participant was motion-corrected, spatially coregistered, and normalized with structural data and smoothed using a Gaussian kernel of 8 mm FWMH. fMRI beta values (brain activation > contrast) were extracted from each anatomically defined bilateral ROI using the Anatomical Automatic Labelling (AAL) atlas and the MarsBar toolbox (http://marsbar.sourceforge.net/) [55, 56] for both learning and recognition tasks. As outlined in the introduction, the ROIs were selected based on previous findings in learning and recognition assessment in PD [12, 44, 53, 57, 58] . The selected ROIs were: (1) inferior orbitofrontal cortex (IOFC) and (2) medial temporal lobe (MTL) (see Figure 2) .
Statistical analysis
The Shapiro-Wilk test was used to assess the distribution of the data. Independent-samples t-tests were conducted to analyze the differences in the clinical and socio-demographic variables between PD patients and HC. Behavioral data and brain activation from the verbal recognition memory fMRI task were not normally distributed. Therefore, Mann-Whitney U test was used to examine differences between PD and HC groups on those variables. To assess differences in FA and brain activation from the verbal learning memory fMRI task independent-samples t-tests were conducted. Analyses were corrected for multiple comparisons with Bonferroni correction.
Partial non-parametric correlations [59] were conducted to investigate all correlations in PD patients controlling for disease stage and disease duration. For HC group, Spearman's Rho tests were conducted to assess correlations between behavioral data from the verbal recognition memory fMRI task and FA and brain activation from the verbal learning and recognition memory fMRI tasks. Finally, for normally distributed variables in HC group, Pearson's product-moment correlations were measured to examine the structural and functional relationship. Correlational analyses were corrected for multiple comparisons with Bonferroni correction. Statistical analyses were performed using the statistical package SPSS program (IBM SPSS Statistics 20).
Ethical considerations
The study protocol was approved by the Ethics Committee at the Health Department of the Basque Mental Health System in Spain. All subjects were volunteers and provided written informed consent prior to their participation in the study, in accordance with the Declaration of Helsinki.
RESULTS
Between groups differences in verbal memory, FA and brain activation
In the verbal memory fMRI paradigm, there were significant differences in hits (U = 118; p = 0.004) and false negatives (U = 123; p = 0.006) during the recognition fMRI task between PD patients and HC group. PD patients had more false negatives than HC, while HC had more hits than the PD group (see Table 2 ).
There were significant differences in FA of the left PCT (t = 3.046; p = 0.004) and in FA of the right ACT (t = -3.314; p = 0.002). PD patients showed lower FA in the right ACT but higher FA in the left PCT than HC (see Table 2 ). PD patients showed significant lower brain activation in the right IOFC (t = -2.583; p = 0.013) during the verbal learning memory fMRI task than HC (see Table 2 ).
Correlations between verbal memory and FA adjusting for disease stage and duration in PD group
No significant correlations between behavioral data from the verbal memory fMRI paradigm and selected ROIs' FA values were found in PD (see Table 3 ). In HC group, FA of the right PCT correlated positively with correct rejections (r = 0.729; p = 0.003) and negatively with false positives (r = -0.729; p = 0.003) (see Table 3 ).
Correlations between verbal memory and brain activation adjusting for disease stage and duration in PD group
In PD patients, functional brain activation during the verbal recognition memory fMRI task in the left IOFC correlated positively with hits (r = 0.616; p < 0.001) and negatively with false negatives (r = -0.611; p < 0.001) of the verbal memory fMRI paradigm (see Table 4 ). No significant correlations between behavioral data from the verbal memory fMRI paradigm and brain activation during the verbal recognition memory fMRI task were found in HC (see Table 4 ). 
Structural-functional relationship between FA and brain activation adjusting for disease stage and duration in PD group
In PD patients, there was a significant positive correlation between brain activation in the left IOFC during the verbal learning memory fMRI task and FA of the right UF (r = 0.470; p = 0.007) (see Table 5 ). That is, the greater the integrity of the PD patients' UF, the greater functional brain activation in the left IOFC, while they performed learning task. No significant correlations between FA and brain activation during the verbal memory fMRI tasks were found in HC (see Table 5 and Figure 3) .
DISCUSSION
The present study sought to investigate the neuroanatomical WM and functional organization of verbal memory in PD and explored the possibilities of combining fMRI and DTI data to better understand the neural mechanisms that underlie verbal memory deficits in PD.
This study revealed significant dysfunctions in the verbal memory fMRI paradigm performance in PD patients compared to HC. Specifically in this study, PD patients had a significantly lower percentage of hits and a higher proportion of false negatives than HC during the verbal recognition memory fMRI task. The spectrum of verbal recognition alteration observed in this sample confirms previous reports that have shown that most PD patients exhibit impairments in memory [7, 9] , and that verbal memory had the largest effect size compared with other cognitive domains [8] . In a study by Ibarretxe-Bilbao and colleagues [43] , a similar verbal recognition memory fMRI paradigm was used in early PD patients, and there were no significant behavioral differences in the recognition task, although there was a trend toward more false positive errors in PD patients. These results confirm the finding that recognition memory dysfunction in the early stages of PD is much more extensive than was previously thought [15, 16] .
Regarding WM microstructural changes, in this study, PD patients had less FA in the right ACT compared to HC, but they had more FA in the left PCT. Similar results have been found to demonstrate that FA reduction of anterior cingulum is present in PD [36, 60] , but the higher FA value of the left PCT in non-demented PD patients could be explained with studies that reveal differences in posterior cingulum only between PD patients with dementia and controls [36] . In functional brain activation results, this study revealed a significant difference in the right IOFC during the verbal learning memory fMRI task between PD and HC groups. HC group showed higher activation than PD patients in the learning task. In aging, the relation of right frontal activation to verbal memory encoding occurred only in individuals with good memory performance [61] . According to previous literature [12, 43] , PD patients showed lower brain activation in this region compared with HC during a similar recognition memory fMRI paradigm. Furthermore, in a verbal encoding study, high performing older adults exhibited activation in right inferior prefrontal cortex [61] .
Few studies have investigated the neuroanatomical correlates of memory impairment in PD using the FA index [30, 33] . There is more literature concerning global cognitive performance correlates in PD [29, 30, 36, 37] . In this study, contrary to our hypothesis, there were not specific correlations of FA values with data of the verbal recognition memory fMRI task in PD patients. In some studies, an association has been identified between increased DTI mean diffusivity and decreased learning and memory domain scores in anterior WM tracts in PD patients [30, 33] . Nevertheless, in this research, HC showed a significant correlation between FA of the right PCT and correct rejections and false positives. That is, the greater FA in the right PCT, the greater performance in verbal recognition memory. Moreover, literature suggests that the PCT is critical for strategic memory process related to successful encoding [50] , which is a core process in subsequent recognition memory.
Regarding neurofunctional correlates in PD, our study revealed a significant correlation between brain activation of the left IOFC during the verbal recognition fMRI task and verbal memory impairment, suggesting that the deficit in verbal memory performance during the fMRI paradigm could be influenced by lower brain activation in orbitofrontal cortices during the recognition memory fMRI task. These results are in line with previous literature and some fMRI studies in PD have also revealed reduced recruitment of the recognition memory network, including decreased activation in the orbitofrontal cortices and in the medial temporal areas [12, 43] .
Previous studies have been conducted to our understanding of cognitive functioning in PD using DTI [29, 30, 32-34, 37, 60, 62] and fMRI [12, 38, 40, 42, 43] separately, but little is known about combination of both. The third objective of this study was to investigate the relationship between neuroanatomical and neurofunctional verbal memory correlates in PD to better understand the neural mechanisms and functional organization that underlie verbal memory deficits in PD. In this study, a structure-function relationship was found between WM microstructure FA and brain activation during the verbal learning memory fMRI task in PD. The PD patients' FA of the right UF correlated with brain activation of the left IOFC during the verbal learning memory fMRI task. The UF is a bidirectional WM tract that connects orbitofrontal cortex with temporal lobes, and its disruption may cause problems in the acquisition of certain types of learning and memory [49, 57, 63] . In other studies, the UF also correlated with learning errors suggesting that lower FA of the UF was related with more learning errors [52] . Moreover, it is important to note that the UF projected to the orbitofrontal cortex supports error-related processing in interaction with anterior cingulate and lateral prefrontal cortex [58] .
Although it is known that verbal material is strongly associated with left hemispheres, these bilateral differences and relationships could be explained by age-associated reduced laterality [24] . There has been debate about how age-associated reduction in asymmetric activation is interpreted [64, 65] . fMRI studies of memory performance in older adults have shown that decreased laterality in frontal activation refers to a reduction of the difference between activation in right and left regions relative to young adults [61, 65] . Moreover, not only less-lateralized frontal activation is present, but older adults with high memory ability showed more right frontal lobe activation [61] . One argument is compensation, suggesting that recruiting the contralateral hemisphere is an adaptive response to age-related declines in brain integrity [65, 66] .
Taken all together, the lower performance in verbal memory in PD is related to the lower brain activation in orbitofrontal cortices during the verbal recognition memory fMRI task, but moreover, the orbitofrontal cortices that correlated in the verbal recognition memory fMRI task are the same regions that correlated with FA of the UF during the verbal learning memory fMRI task. These results suggest that fronto-temporal involvement in the learning process affects subsequent recognition memory impairment in PD [52] . Consistent with the findings of Bronnick et al., [18] we observed a clear influence of learning in PD patients, supporting the idea that learning is an essential part of the memory process [14] as shown by the relationship between brain activation during the learning task and the FA of the UF.
Some limitations of the study must be considered. Our sample was small and controlling for learning trials is necessary. Some studies in other neurological samples, including subjects with multiple sclerosis [67, 68] and those with traumatic brain injury [69] , have demonstrated that when a method controlling for additional trials is applied, the quality of coding can be improved. Although in our study learning trials were not controlled, results suggest that acquisition or prior learning is the key factor for subsequent recognition performance. Future analysis of the relationship between the individual differences in FA and brain activation parameters derived from anatomically defined ROIs may help further constrain the roles of both WM microstructures and the cortical regions of focal activation across several cognitive domains in PD.
In conclusion, the present study represents a first step toward integrating functional and structural data in the domain of verbal memory in PD. To our knowledge, this is the first study to show the neural substrate of verbal memory combining DTI and fMRI techniques. We postulate that impaired recognition might reflect deficient memory consolidation that is at least partly due to the influence of the learning process and to underlying orbitofrontal and temporal degeneration. We have found evidence that supports previously described impairments in verbal memory, FA reduction, and lower brain activation in PD patients. Greater integrity of the UF may support memory functions that can take advantage of cognitive functions mediated by the IOFC. The results of these analyses are novel insofar as they reveal that deficits in the verbal memory in PD, rather than being solely accompanied by functional brain activation dysfunction, have specific relationship with structural correlates related to WM microstructural integrity.
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